The fungal pathogen Cronartium ribicola J.C. Fischer, causal agent of white pine blister rust (WPBR), was introduced to the eastern United States about 1898 (11) . Hosts for the fungus include fiveneedle pines (Pinus sp. section Quinquefoliae) and currants and gooseberries (Ribes sp.). Natural infection of wild populations of Pedicularis bracteosa Benth and Castilleja Mutis ex L.f. have also been documented, although these two genera are considered minor hosts of the disease (14, 20) . The damaging effects of WPBR on host white pines diminished the appeal of Ribes cultivation in the United States for most of the twentieth century; however, Ribes crops have been a mainstay of the small fruit industry in Europe for decades (1) . The fungus produces pycnia and aecia on five-needle pines, and uredinia, telia, and basidia on Ribes (13, 15) . Aeciospores, produced from cankers on diseased pines, and urediniospores, originating from uredinia on abaxial leaf surfaces of susceptible Ribes, can infect Ribes foliage. Susceptible Ribes may be defoliated by C. ribicola where infection incidence is high (3) . Pine hosts can be killed by WPBR stem canker infections. Resistance to WPBR has been identified through the action of dominant genetic inheritance in aecial hosts (11, 12) and telial hosts (1, 2, (4) (5) (6) (7) (8) 16 ). Although Richardson et al. (16) have reported infection in Ribes nigrum L. by both spore types, they did not report the response of different spore types at the Ribes clonal level. Differential infectivity of these spore types could change breeding strategies for developing new Ribes cultivars resistant to WPBR. Previous horticultural studies have examined Ribes susceptibility to urediniospores (7) (8) (9) . An unanswered question is: do aeciospores and urediniospores infect Ribes genotypes equally? The objective of this study was to determine whether both spore types were infective to a set of F 1 genotypes of R. nigrum with known diverse WPBR response.
MATERIALS AND METHODS
Plant materials. A study was initiated in 2007 at the U.S. Department of Agriculture, Agricultural Research Service, National Clonal Germplasm Repository (NCGR) in Corvallis, OR. F 1 genotypes of R. nigrum 'Ben Lomond' × 'Consort' were chosen for this study. Consort contains the Cr gene for WPBR immunity, and uredia do not form on this plant. Because this gene is inherited as a simple dominant trait (4), half of its F 1 genotypes should also be immune, and half susceptible.
Hardwood cuttings from dormant, fieldgrown F 1 seedlings of R. nigrum 'Ben Lomond' × 'Consort' were rooted in the greenhouse. The rooted cuttings were transferred into 3.78-liter (1 gal) containers in the early summer and maintained outdoors. Additional clonal material was propagated by softwood cuttings in July 2007 and remained inside the greenhouse for the duration of the study. R. nigrum 'Seabrook's Black' (PI 556176) served as the WPBR-susceptible control (7), and 'Coronet' (PI 617906) was the resistant control (6) .
Spore collection and storage. Aeciospores were collected from three Oregon populations of C. ribicola. Spores were collected from mature aecia with a handheld aspirator on 12 March 2008 at the USDA, Umpqua National Forest, Dorena Genetic Resource Center (DGRC) near Cottage Grove, OR. Aeciospores from C. ribicola strain OR07.01 were collected on 4 June 1995 at Miller Lake, Winema National Forest, Klamath County, OR and cryogenically preserved at -80°C (P. J. Zambino, personal communication). Aeciospores from a third population of C. ribicola were sampled on 12 July 2008 near Tombstone Pass (TP), Willamette National Forest, Linn County, OR. The DGRC aeciospores were stored at 4°C until early summer, and both of the other aeciospore sources were maintained at -20°C for the duration of the study. Aeciospores were assayed on 2% agarose plates for viability.
Urediniospores were harvested from heavily infected Ribes leaves. The first urediniospore inoculation trial used field inoculum from the NCGR. To increase the late-season urediniospore inoculum, susceptible R. nigrum 'Baldwin,' 'Bogatyr,' and 'Minaj Shmyrev,' and R. malvaceum Sm. 'Wunderlich' were inoculated with TP aeciospores on 8 August and 2 September 2008. Multiple sources of spores were used so that sufficient inoculum could be obtained. Hosts for the fungus Cronartium ribicola, causal agent of white pine blister rust (WPBR), include five-needle pines as aecial hosts, and currants and gooseberries as uredinial/telial hosts. Aeciospores produced on diseased pine, and urediniospores produced on diseased Ribes plants, can infect Ribes foliage. Resistance and susceptibility for both spore types have been reported for Ribes; however, the comparative infectivity of these spore types on clonal Ribes nigrum genotypes is under-described. Immunity, resistance, and susceptibility to WPBR resides at a clonal level in Ribes. Previous studies have emphasized fungal diversity or forestry considerations, rather than horticultural aspects. The objective of this study was to determine if aeciospores and urediniospores were equally infective to specific genotypes of black currant, Ribes nigrum, with differential responses. A family of 51 black currant genotypes from a cross between a known-immune cultivar containing the Cr gene and a susceptible cultivar was examined. Single-leaf softwood cuttings of each of these genotypes were artificially inoculated with a spore solution and incubated in airtight plastic containers within a growth chamber. Inoculations were replicated three times for each spore type. Twenty-two of the F 1 genotypes did not develop uredia after artificial inoculation. These may be immune; 22 developed uredia after exposure to both types of inoculum, and were susceptible; whereas seven exhibited differential responses and may have some mechanism for resistance to WPBR other than the Cr gene. The infectivity of aeciospores and urediniospores was not significantly different on specific Ribes genotypes. Either spore type can therefore be considered equally effective as inoculum when screening for WPBR resistance or immunity in horticultural settings.
Growth chamber inoculations.
To produce aeciospore-water-agarose solution, dry aeciospores were added to sterile water-agarose solution (0.07% concentration) at a rate of 250 mg 1,000 ml -1 and dispersed evenly in solution. A Neubauer hemacytometer (Hausser Scientific Partnership, Horsham, PA) was used to determine spore concentration. The aeciosporewater-agarose solution contained approximately 5 × 10 4 spores ml -1 . The spore solution was poured into a sterile mist bottle to facilitate spray inoculation of the softwood cuttings.
Urediniospores were collected by scraping uredinial pustules of infected Ribes leaves with the plastic tip of a disposable transfer pipette (VWR Scientific, Inc., San Francisco, CA) to dislodge mature spores. Sterile water-agarose solution was then pipetted over the leaf surface to wash the spores into a beaker. The spore density of the resulting urediniospore-water-agarose solution was determined and diluted with sterile water-agarose solution to approximately 5 × 10 4 spores ml -1 . Urediniosporewater-agarose solution was limited, due to unavailability of additional spores, and was dabbed onto the abaxial leaf surfaces with the aid of a disposable transfer pipette.
Aeciospore and urediniospore treatments uniformly covered the leaf surfaces nearly to the point of runoff. Spore solution was agitated periodically during inoculation to ensure uniform distribution of spores in suspension. Leaves were calculated to receive a mean 542 spores cm -2 for spray inoculation with aeciospores and 703 spores cm -2 for dab inoculation with urediniospores.
Inoculation chambers were modified from Zambino (19) 
This spore solution was re-assayed to confirm viability at the time of inoculation.
Inoculation trials utilized unrooted softwood cuttings from the F 1 genotypes (14) . Clones were watered and fertilized 24 to 48 h prior to inoculation and placed in a staging area to allow the leaves to dry. On inoculation day, a cutting was taken from each clone and stripped of all but the youngest fully expanded leaf. The abaxial surface of the leaf was treated with spore solution. Following treatment, the plantlet was immediately set into moist, sterile vermiculite inside an individual airtight polypropylene inoculation chamber. To provide humidity, the upper segment of the inoculation chamber was misted with dH 2 O just prior to sealing the plantlet inside. Only one spore type was used per inoculation date.
Treated plantlets were incubated inside an illuminated growth chamber programmed to provide a 16-h photoperiod on a diurnal cycle. Aeciospore treatments remained within the growth chamber at 16°C for 3 days following treatment, after which the temperature was increased to 20°C (19) . Urediniospore treatments were maintained at 20°C for the entire period within the growth chamber. These temperatures are within the optimal temperature range for spore germination and infection (10, 15) . The plastic lids of the inoculation chambers were replaced with tissue paper after 3 days to allow the interior surfaces to dry. These techniques discouraged secondary infection, promoted adventitious rooting of the cuttings inside the cells of vermiculite, and provided an environment favorable for spore germination and disease development. To make space for subsequent inoculation trials, inoculation chambers were removed from The climatecontrolled growth chamber had insufficient capacity to hold all representative genotypes at once, and each set of experimental units required at least 1 week within the growth chamber before being transferred to the large plastic bins. Given these limitations, a random number generator selected suitable clones for each inoculation date from the available greenhouse-grown, non-WPBR-infected plants.
Statistics. A two-factor analysis of variance (ANOVA) model was evaluated using the S+ statistical package (Insightful Corporation, Seattle, WA) to determine the significance of spore type and F 1 genotype, and their interaction, for susceptibility. In addition, homogeneity chi-square analysis was conducted, with the null hypothesis assigned that the aeciospore and urediniospore results would be homogeneous (17) . Because the expected numbers of susceptible and resistant genotypes were greater than 20, the Yates correction factor was not used in chi-square analysis (17) .
RESULTS
Control genotypes Seabrook's Black (susceptible) and Coronet (immune) were not included in statistical analyses of genetic resistance in the F 1 population. Coronet was asymptomatic throughout the study.
In the greenhouse, a total of 357 singleleaf plantlets, representing 51 distinct F 1 genotypes, were inoculated during the 2008 growing season (Table 1) . Of the plantlets, 92 (25.8%) developed C. ribicola uredia, representing 29 of the 51 genotypes. The proportion of greenhouseinfected genotypes supported the expected 1:1 segregation ratio of the Cr gene (χ 2 = 0.48, df = 1, P = 0.49) ( Table 2) .
The F 1 population did not deviate from the expected 1:1 ratio of resistance to C. ribicola. Artificial inoculation with urediniospores caused infection on 27 of the 51 genotypes (χ 2 = 0.088, df = 1, P = 0.767). The pooled results (51 infected, 51 uninfected) yielded a chi-square value matching the expected 1:1 ratio (χ 2 = 0, df = 1, P = 0.999). A chi-square test of homogeneity showed that aeciospore and urediniospore inoculations produced disease on a similar number of genotypes (χ 2 = 0.157, df = 1, P = 0.692) ( Table 2) .
Of the 51 F 1 genotypes, 22 showed susceptibility to both aeciospores and urediniospores in the growth chamber, and 22 were resistant to both treatments. Two genotypes were susceptible only to aeciospores, whereas five appeared susceptible only to urediniospores (Table 3) . A twofactor ANOVA demonstrated a significant effect of genotype (P < 0.001) but a nonsignificant effect of spore type (P = 0.291) on susceptibility, and the interaction of genotype by spore type was not significant (Table 4) .
DISCUSSION
Aeciospores and urediniospores of C. ribicola are equally able to cause disease on Ribes genotypes. In addition, the genotype × sporetype interaction was not significant, indicating that phenotypic responses to WPBR were consistent; aeciospore and urediniospore treatments produced disease on the same genotypes. Despite these findings, 7 of the 51 genotypes showed differential disease responses to C. ribicola spore type (Tables 1  and 3 ). For these genotypes, urediniospores revealed five susceptible plant genotypes not detected by aeciospores, and aeciospores revealed two susceptible genotypes not detected by urediniospores.
In R. nigrum, the Cr gene is inherited in a simple dominant pattern (4) . This study produced no evidence that separate genetic mechanisms control resistance and susceptibility in F 1 genotypes. Rather, certain genotypes escaped infection by one or both spore types.
Our findings go beyond that of Richardson and colleagues (16), who observed aeciospore or urediniospore infectivity during inoculation experiments within Pedicularis and Ribes populations. They did not examine multiple inoculations of specific clones, as we did. Because of the equivalent qualitative infection outcome of both aeciospores and urediniospores, these data indicate that either spore type can be applied to Ribes foliage during artificial greenhouse inoculation trials or for disease assessment in areas where WPBR is naturally absent or occurs sporadically. Nonetheless, in forest settings, Ribes may produce more uredinia when challenged with aeciospores as compared to urediniospores. This is likely due to timing of leaf emergence and aeciospore hardiness. Aeciospores can survive in the jet stream and travel 500 km (18); urediniospores are less tolerant of extreme conditions (15) . Young leaf tissue is more susceptible to infection by C. ribicola than is old, hardened, or sun-exposed material (15, 19) . Leaf age may therefore play a significant role in spore infectivity. Variations in topography and microclimatic effects cause variation of aeciospore production. These factors allow aeciospores to be shed nearly yearround (15) , thereby extending the time frame in which Ribes hosts are exposed to primary inoculum, in comparison to the limited dispersal distance and short period of urediniospore production in the mid-to late-summer. Our result indicates that either spore type should work equally well as inoculum in resistance trials on R. nigrum. Aeciospores are easy to collect and can tolerate freezing during laboratory storage. Aeciospores are suggested as a first choice for Ribes inoculation tests. Uredinial fungal colonies, available in cultivated Ribes settings, should be gathered fresh and used directly, or maintained on young, vigorous plants. Artificial inoculation treatments with either aeciospores or urediniospores can determine Ribes resistance to WPBR.
